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Introduction domains found in TrkA and many of the prokaryotic K ϩ channels contain the NAD binding glycine motif, The two major functions of ion channels are selective GXGXXG…D, indicating a particular ligand binding funcion conduction (the process of ion flow across the memtion (Bellamacina, 1996) . The glycine motif, however, is brane) and gating (the process of opening and closing not conserved in a significant subset of the prokaryotic the ion pathway) (Hille, 1992). X-ray analysis of the KcsA K ϩ channels, indicating that the RCK domain in some K ϩ channel provides a structural basis for understanding cases may serve a function other than binding a nucleoselective ion conduction in K ϩ channels as well as a tide cofactor. In particular, where the RCK domain is framework for beginning to understand the gating profound in prokaryotic K ϩ channels containing six transcess (Doyle et al., 1998) . Because the KcsA channel membrane segments per subunit (e.g., the Escherichia architecture is representative of a very broad set of coli K ϩ channel; Milkman, 1994), the glycine motif and cation channels-including K ϩ , Na ϩ , and Ca 2ϩ channels; presumably the NAD binding function are uniformly cyclic nucleotide-gated channels; and glutamate recepabsent. tors-a common theme in ion channel gating may be Remarkably, RCK domains are also found in a subanticipated.
family of eukaryotic K ϩ channels, the large-conductance The KcsA architecture is referred to as an inverted Ca 2ϩ -activated K ϩ channels (BK channels; Figure 1B ) teepee because of its arrangement of four inner helices (Stumpe et al., 1996) . BK channels exhibit the dual func-( Figure 1A ). The inner helices form a right-handed bundle tion of gating in response to membrane voltage as well that constricts the pore diameter near the intracellular as intracellular Ca 2ϩ levels. BK channels have seven membrane surface (red cylinders). This arrangement of membrane-spanning segments per subunit, forming the helices implies that the pore can be gated through innerpore and voltage sensor, and an intracellular C terminus helix movements, and mutational analysis of the related that is important for Ca 2ϩ -induced gating (Schreiber and Shaker voltage-dependent K ϩ channel supports this noSalkoff, 1997).
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mutational analysis of human BK channels expressed in Xenopus oocytes, we demonstrate that an equivalent segments of the intracellular C terminus of eukaryotic BK channels. In Figure 2 , representative sequences of RCK domain is also present in BK channels and participates in channel gating.
RCK domains from eukaryotic BK channels, prokaryotic K ϩ channels, and TrkA proteins were aligned using ClustalW (Thompson et al., 1994 ) and knowledge of the E. Results coli K ϩ channel RCK domain structure. RCK Domain Family A survey of prokaryotic K ϩ channels was conducted Structure of the E. coli K ؉ Channel RCK Domain The RCK domain from the E. coli K ϩ channel C terminus, using the core K ϩ channel region as a query sequence in a database search using BLAST and PSI-BLAST corresponding to amino acids Met-240 to Lys-417, was expressed in E. coli as a soluble, hexahistidine fusion (Altschul et al., 1997). BLAST was used in manual iteration, utilizing hits from one search as query sequences protein. Following purification, removal of the hexahistidine element, and crystallization, the structure was defor later searches until the list converged. The criteria for including a sequence in the list were as follows.
termined through a multiwavelength anomalous dispersion experiment with selenomethionine substituted First, the sequence must contain two to six predicted membrane-spanning segments according to the DASprotein (space group C222 1 , two molecules per asymmetric unit) and refined (30-2.4 Å , R free 26.0%). The struc-TM prediction server (Cserzo et al., 1997); and second, between the last two transmembrane helices there must ture of a second crystal form (P4 1 , two molecules per asymmetric unit) was determined by molecular replacebe a recognizable K ϩ channel signature sequence with only conservative substitutions. A subset of sequences ment using the first structure as a search model and refined (30-2.4 Å , R free 23.6%). The refined structures of was used in later rounds of database searches to identify homologs of the conserved intracellular C-terminal dothe two crystal forms comprise amino acids His-241 to Asn-393 of the E. coli K ϩ channel (Table 1) . main of prokaryotic K ϩ channels and to define the RCK family of domains. The results included TrkA proteins, The RCK domain is an ␣/␤ protein, the core of which forms a Rossmann fold (residues 241-365), with two ␣ numerous "hypothetical proteins" in prokaryotes, and The alignment begins at the K ϩ channel signature, GYGD (which forms the selectivity filter), passes through the inner helix, and covers the RCK domain region through to the end of the E. coli K ϩ channel sequence. Below the alignment, the elements of secondary structure are indicated pictorially as determined by the crystal structure of the E. coli RCK domain. The sequence similarity tapers off at ␣F. In the conservation pattern, dark blue indicates 100% and blue 85%, using similarity groups DE, KR, GP, and LIVAMCFYT. Green highlights the NAD binding glycine motif, red highlights salt bridging positions, and light blue highlights interface positions uniquely conserved among the set of six-transmembrane prokaryotic K ϩ channels. Asterisks denote the hydrophobic positions that form dimer interfaces at ␣D and at ␣F, ␤G, and ␣G. crystallographic 2-fold axis. There are reasons to susThe second interface is also hydrophobic, but less pect that the contact interfaces involved in both of these extensive in area ‫068ف(‬ Å 2 ). The dimer interaction is "dimer" pairings represent something more than crystalformed by hydrophobic residues (Ala-326, Phe-327, and lographic coincidence and imply biologically relevant Leu-330) on the external face of ␣D ( Figure 3B ). Seprotein-protein interactions. The first interface is formed quence alignment shows that these surface residues are by the helix-strand-helix structure(␣F-␤G-␣G) attached conserved as hydrophobic in all RCK domains, including to the Rossmann fold, comprising amino acids 366 to those of prokaryotic K ϩ channels, K ϩ transporters, and 393 ( Figure 4A ). This interface is hydrophobic, well eukaryotic BK channels (Figure 2 , asterisks above ␣D) packed, and contains 1800 Å 2 of buried surface area. but are not generally a conserved feature of RossmannThese features, together with preliminary experiments fold proteins. Mutational analyses show that disruption showing that mutation of the interface profoundly afof this dimer interface abolishes the expression of the fects channel expression (data not shown), imply biolog-E. coli K ϩ channel in E. coli host strains and the expresical relevance for the E. coli K ϩ channel. This contact sion of BK channels in Xenopus oocytes, which sugsurface holds the two Rossmann folds together with gests that this dimer interface may be important for the their potential ligand binding sites facing each other function of RCK domains. across an interdomain cleft ( Figure 4A ). Interestingly, a Another feature of the E. coli RCK domain structure similar arrangement of two Rossmann fold-like domains is the salt bridge between Lys-333 at the C terminus of is observed in the bacterial periplasmic amino acid bind-␣D and Asp-360 at the loop connecting ␣E and ␤F (Figing protein LIVBP (Sack et al., 1989) . In LIVBP the two ure 3B). Sequence alignment shows that these two posihalves are contained within a single protein in which a tions are conserved in all RCK domains (Figure 2 ). connector known as the "hinge region" forms a pseudo-2-fold axis relating the domains ( Figure 4B) . A free amino
Evidence for an RCK Domain in BK Channels acid-leucine, isoleucine, or valine-binds in the deep
The sequence identity between BK and prokaryotic RCK intervening cleft. Thus, nature achieved similar orientadomains is less than 20%, well below the threshold for tions of two Rossmann fold-like domains by very differaccurate structure modeling (i.e., Ͼ30%-40% sequence ent means in the E. coli RCK domain and LIVBP. The identity) (Sanchez and Sali, 1998). It was therefore necfinding of a 2-fold arrangement of Rossmann folds on essary to seek additional evidence for relevance of the a K ϩ channel is intriguing in light of the recent evidence conserved sequence to the hypothesized conservation that LIVBP is a good structural model for the Zn 2ϩ bindof structure. To this end, it was evident that conserved ing regulatory domain present on another class of ion residues are not distributed randomly but correlate channels, the eukaryotic glutamate receptors ( To test the structural prediction that Lys-448 and Asp-5C). Figure 5D graphs the relationship between the midpoint voltage (voltage at which the channels have a 50% 481 form a salt bridge in the human BK channel, we studied wild-type and mutant BK channels using an probability of being open) times the gating valence, z, and the intracellular Ca 2ϩ concentration for wild-type electrophysiological assay ( Figure 5 ). The BK channels are opened by electrical depolarization of the cell memand mutant channels. To a first approximation, the mutations shift the position of zV 50 in a Ca 2ϩ -independent brane as well as by binding of Ca 2ϩ to a site on the 
